Abstract Proton acceleration induced by a high-intensity ultraviolet laser interaction with a thin foil target was studied on an ultra-short KrF laser amplifier called LLG50 in China Institute of Atomic Energy (CIAE). The ultraviolet laser produced pulses with a high-contrast of 10 9 , duration of 500 fs and energy of 30 mJ. The p-polarized laser was focused on a 2.1 µm gold foil by an off-axis parabola mirror (OAP) at an incident angle of 45
Introduction
The generation of energetic protons from a solid thinfoil by its interactions with ultra-short and intense laser pulses has been investigated in numerous experiments in the last decade [1∼6] . The energetic proton beams are promising candidates for a wide range of applications, such as short-lived isotope production of 11 C or 18 F which are important for the medicine of positron emission tomography (PET) [7∼10] , and energetic-proton fast ignition [11] . One of the accepted laser-proton acceleration mechanisms is the target normal sheath acceleration mechanism (TNSA) [12, 13] . Hot electrons generated in the laser focus spot propagate through the thin target. An ultra-intense electrostatic field is deduced between the rear-side of the target and the hot electron cloud due to space-charge separation. Protons are accelerated perpendicular to the target surface. Another scheme of laser radiation pressure acceleration (RPA) with an ultra-thin target and ultra-high laser contrast is also studied intensively [14∼16] . In comparison to the TNSA-scheme, the conversion efficiency with the RPA scheme is estimated to be higher. Several tens of MeV ions can be acquired in TNSA and RPA experiments [1,17∼19] . Recent simulations of the RPA scheme focused on obtaining GeV protons with a high intensity laser irradiated on nanometer targets [20, 21] . Most of the proton acceleration experiments are conducted on the infrared ultra-short laser. The main reason for this is the obvious advantage that hot electron temperature T e is proportional to Iλ 2 , where I is laser intensity and λ is laser wavelength. But T e is not the only parameter that can influence proton energy according to the isothermal plasma expansion model [22] . The acceleration time t and ion plasma frequency ω pi can also influence the proton energy by the relationship E max = 2T e ln(τ + √ τ 2 + 1), where τ = ω pi t/ √ 2e,
The ultraviolet laser can acquire a higher electron density because of the higher laser absorption and laser contrast.
Energetic protons driven by a high-intensity ultraviolet laser interaction with a thin foil target are investigated by the TNSA-scheme in this paper. The peak energy and energy spectrum are measured. Under the conditions of nearly the same values of Iλ 2 , a higher peak energy and acceleration efficiency are acquired in contrast to the infrared laser proton acceleration.
Experimental setup
The experimental setup is shown in Fig. 1 . The ultraviolet ultra-short laser system involved a Ti: sapphire laser operated at a wavelength of 744 nm and a discharge-pumped KrF amplifier called LLG50. The Ti: sapphire laser frequency was tripled by a nonlinear optical crystal (THG), and then amplified by a dischargepumped KrF amplifier. The pulse duration changed from 130 fs at 744 nm to 500 fs at 248 nm. The output energy measured by an energy meter close to LLG50 was about 50 mJ. The actual energy focused on the targets was 30 mJ. The peak intensity and the focal spot diameter are 1×10 17 W/cm 2 and 6 µm with an energy concentration of 47%.
Fig.1 Illustration of the experimental setup
The ultraviolet laser contrast was 10 9 or so. The nanosecond contrast induced by amplified stimulated emission (ASE) was 10 9 due to the low focused ability. The ASE intensity generated from a discharge pumped amplifier was about 10 8 W/cm 2 with 25 ns duration and a huge focus spot. The contrast of the infrared ultra-short laser pulse induced prominently by an ultrashort prepulse was 10 5 measured by an autocorrelator. The contrast was enhanced remarkably to 10 15 due to the frequency-tripled efficiency that was proportional to the cube of the intensity of incident laser. The influence of ultra-short laser prepulse was ignored because its contrast was about 10 12 after it was amplified. The p-polarized laser was focused on a 2.1 µm gold foil by an off-axis parabola mirror at an incident angle of 45
• . Pieces of CR39 were placed at 80 mm distance behind the target. CR39 was a kind of solid track detectors with good resolution, and sensitive to protons. Protons damaged the CR39 detectors in a localized region along their path. The CR39 detectors were etched in a 6.25 mol/L NaOH solution for about 8 hours. The tracks were measured by the TASL image system after the damaged material was removed. The divergence angle and maximum energy were measured in the experiments by placing filters of several kinds of thickness over the CR 39. The filter thickness which the ions penetrated was estimated by the SRIM code. Several aluminum filters were selected such as 2.0 µm for 225 keV, 4.0 µm for 400 keV, 5.4 µm for 500 keV. Considering the CR39 energy threshold of 40 keV calibrated from 20∼1020 keV by a proton accelerator, the energy for CR39 detectors with different filters should be 265 keV for 2.0 µm, 440 keV for 4.0 µm and 540 keV for 5.4 µm. A proton spectrometer was used to measure the proton energy spectrum.
Results and discussion
The images of etched tracks on the CR39 plastic detector with different kinds of filters are shown in Fig. 2 . A number of etched tracks are observed in Fig. 2(a) , and the detector is covered with a 2.0 µm aluminum filter. The energy of the proton recorded in Fig. 2(a) is 265 keV or higher. The number of etched tracks decreases from Fig. 2(a) to Fig. 2(c) . The peak energy shall be 440 keV. The proton energy spectrum measured by a proton spectrometer is shown in Fig. 3 . The peak energy is matched with the above experiment. The proton temperature is 126 keV acquired by a linear fit from 100 keV to 440 keV. Fig.3 Energy spectrum of protons driven by ultraviolet laser interaction with a 2.1 µm gold foil Another proton energy spectrum acquired by an ultra-short infrared laser interaction with a 2.1 µm gold foil is shown in Fig. 4 . The infrared laser is a Ti: Sapphire laser with the wavelength of 744 nm, pulse duration of 120 fs and power intensity of 4×10 16 W/cm 2 . The peak energy of protons in Fig. 4 is 230 keV.
The higher Iλ 2 value of the infrared laser, which is almost four times that of an ultraviolet laser, means that a higher hot electron temperature, but a lower peak energy of protons is acquired. The key reasons for this are the longer acceleration time and higher electron density. Electrons are accelerated as the ultraviolet laser interacts with the foil target. The hot electrons propagate through the target and induce a space-charge field. The
pulse duration of the ultraviolet laser, and conducted to maintain the space-charge field. On the other hand, the ultraviolet laser may have a higher critical plasma density, laser contrast and laser absorption. Higher laserelectron conversion efficiency induces a higher hot electron density. The sheath electric field is strengthened due to a higher hot electron density. Fig.4 Energy spectrum of protons driven by infrared laser interaction with a 2.1 µm gold foil The proton acceleration efficiency of the infrared laser and ultraviolet laser is shown in Fig. 5 . The acceleration efficiency of protons driven by the ultraviolet laser is 20 times higher. The acceleration efficiency is calculated by the uniform proton emission with a divergence angle of 30
• . This angle is acquired from the CR39 detector covered with a 2 µm aluminum foil in the above experiments. The efficiency is calculated by integrating the proton spectra from 50 keV to peak energy.
The acceleration efficiency is influenced by the electron conversion efficiency and deeper penetration of ultraviolet laser in the two experiments. A higher electron conversion avails to strengthen the sheath electric field, and increase the proton acceleration. The deeper penetration into the plasma decreases the distance the hot electrons spread forward, and increases the electron transmission efficiency in the target.
Conclusion
Proton acceleration induced by a high-intensity ultraviolet laser interaction with a thin foil target was studied. Proton peak energy and acceleration conversion were measured. The results are analyzed by comparison with proton experiments driven by an infrared laser with a higher Iλ 2 value. The higher peak energy and acceleration efficiency of protons driven by the ultraviolet laser may be explained by a longer laser pulse, higher electron density and deeper penetration. A longer laser pulse increases the acceleration time. A higher electron density strengthens the sheath electric field. Deeper penetration into the plasma decreases the distance the hot electrons spread, and increases the electron transmission efficiency in the target. Our study will surely help understand the mechanism of laser-driven proton acceleration through the influence of laser wavelength in laser-driven proton acceleration.
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